Molecular Structure of Novel SARS-CoV-2 and Its Surface-Active Species {#sec1}
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Coronavirus genomes are comparatively large for RNA viruses and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) encodes an extensive complement of non-structural proteins (e.g., 3-chymotrypsin-like \[3CL\] protease, papain-like protease, etc.) as well as structural proteins as follows: spike (S) glycoprotein, envelope (E) glycoprotein, membrane (M) glycoprotein, and nucleocapsid (N) phosphoprotein.[@bib1] The SARS-CoV-2 spike (S) glycoprotein exhibits ∼76% amino acid sequence identity with the SARS-CoV S (Urbani strain) and ∼80% identity with S proteins of bat SARSr-CoV ZXC21 and ZC45.[@bib1] ^,^ [@bib2] CoV S glycoproteins form club-shaped trimers and decorate the viral membrane,[@bib3] giving coronavirus virions their characteristic morphology. As a substantial component of the outer surface of the virion, S likely plays a critical role in adsorption of viruses onto the solid surfaces under various environmental conditions.[@bib4] For further clarification, [Figure 1](#fig1){ref-type="fig"} A depicts a central slice through an electron micrograph of mouse hepatitis virus, which exhibits the presence of S on the virion surface. [Figures 1](#fig1){ref-type="fig"}B and 1C also illustrate the structure of the SARS-CoV-2 S glycoprotein, its surface-active species, and potential intermolecular interactions among them during virus assembly.Figure 1Structural Chemistry and Identifying Surface-Active Species of the Virus(A) A central slice through a cryo-EM tomogram of mouse hepatitis virus for showing the existence of S on the outer surface of virions.(B) Structure of the SARS-CoV-2 spike glycoprotein with highlighting corresponding functional groups (protein database \[PDB\]: 6VXX). Grey, blue, and red spheres are carbon, nitrogen, and oxygen atoms, respectively. The molecular structure is colored based on hydrophobicity; colored from red (hydrophilic) to green (hydrophobic). It utilizes the experimentally attained hydrophobicity scale that relied on whole-residue free energies of transfer ΔG (kcal/mol) from water to 1-Palmitoyl-2-oleoylphosphatidylcholine (POPC) interface.(C) Model representation of SARS-CoV-2 with respective proteins assembly. Key molecular interactions among proteins on the surface of the virus particle are shown as gray dash lines, "hydrophobic interactions," and blue dash lines, "hydrogen bonding (--O--H···O)," (PDB: [6VYB](pdb:6VYB){#intref0010}). Some key surface-active moieties of SARS-CoV-2 are denoted as hydroxyl, amine, carbonyl, and carboxylic acid functional groups.

Determination of the adsorption and stability of SARS-CoV-2 on various surfaces and under environmental conditions relevant to outbreak settings and zones is vital for amending safety measures for health care professionals, along with responding to the questions about SARS-CoV-2 public transmission. In the following sections we discuss mechanisms of virus adsorption onto different solid surfaces considering the aforementioned knowledge of the structure of viral surface glycoproteins in which amino acid functional groups play a critical role in the adhesion process.

Surface Stability of Novel Coronavirus on Various Surfaces---Adsorption Perspective {#sec2}
===================================================================================

Investigations of the stability of both SARS-CoV-2 and SARS-CoV-1 in air and on different solid surfaces including stainless steel, plastic, copper, and cardboard have calculated their persistence kinetics utilizing a Bayesian regression model.[@bib5] It has been shown that SARS-CoV-2 was more stable on plastic and stainless steel surfaces than on copper and cardboard pieces, and the presence of virus was detected up to ∼72 h on certain solid surfaces. The longest persistence of viability for SARS-CoV-2 was found to be on stainless steel and plastic, which showed low-level viability after 72 h. No viable SARS-CoV-2 was detected after ∼4 and ∼24 h on copper and cardboard, respectively. After 3 h, viable virus was still detected in aerosols. These experimental data imply that fomite transmission of SARS-CoV-2 is likely, given that the virus can stay viable and infectious for h or up to several days on solid surfaces.

Generally, some viruses can retain their activities and transmission in the environment for a long period of time, possibly because of the adsorption process on surfaces.[@bib6] ^,^ [@bib7] It can be inferred that building a fundamental understanding of the molecular interactions between viruses, i.e., the outer surface of proteins, and solid surfaces is crucial for controlling environmental transmission and designing removal processes and treatment strategies. The quantity of adsorbed virus is influenced by multiple factors, including characteristics of the virus's outer surface proteins such as surface charge, size, stability, and steric conformation.[@bib8] These are properties of the amino acid composition and post-translational modifications such as addition of carbohydrate moieties.[@bib9] Likewise, substrate surface chemistry and environmental conditions are also key. Therefore, to determine the ability of the virus to adsorb to a surface, both the virus and the surface need to be well characterized and an understanding of how these change with environmental conditions is key.

Viruses adsorb to surfaces through two main mechanisms, van der Waals (mainly mineral surfaces[@bib10]) and, more importantly, electrostatic interactions (charged surfaces in the presence of ions and or not neutral pH[@bib11], [@bib12], [@bib13]). These two forces dictate the adsorption of viruses to surfaces. Although the interplay between these two forces is difficult to separate, indications of the interactions can be determined from past data. Viruses tend to be more hydrophobic than proteins,[@bib14] thus they are attracted to metal surfaces because of mainly van der Waals interactions as well as hydrophobic effects.[@bib15] However, their ability to maintain the virus's viability and allow it to remain infectious is more of a function of the humidity and temperature,[@bib16] thus the surface energy of the water molecules plays a large role in the interaction between a virus particle and a surface.

SARS-CoV-2 virions can be adsorbed onto metal surfaces (e.g., gold and stainless steel) in addition to hydroxyl functional group- and oxygen-containing substrates (e.g., wood, cotton, paper, and glass) depending on the surface chemistry and environmental conditions (e.g., bulk fluid pH, surface charge, temperature, etc).[@bib17] Hydrogen bonding plays a key role in the adsorption of viruses to the hydroxyl-containing surfaces and in the presence of an aqueous phase thin film layer.[@bib17] The strength of the bond to the surface would be high in the presence of --O--H···O bonding, particularly in pH environments where the carboxylic acid on the virus is deprotonated (typically above a pH of 4[@bib18]). At neutral pH, most viral particles have a net negative charge because they have an isoelectric point below 7.[@bib19] However, due to the large size of virus particles and their large variety of surface proteins, there are still multiple patches of positive and negative charge in the pH range where viruses are stable (typically from pH 5--8[@bib20]). Therefore, −NH~2~, −NH~3~ ^+^, −COOH, and −COO^−^ groups of amino acids in the SARS-CoV2 S protein drive adsorption onto the solid surfaces through double electrostatic interactions between the virion's ionized surface-active species and the oppositely charged surfaces, as well as hydrogen bonding based on the surface characteristics. For example, at neutral pH values, the negatively charged virus particles would be adsorbed significantly less on a stainless-steel surface because of electrostatic repulsion,[@bib21] given that both virion and substrate surface have negative charges. With augmentation of the cation concentration, however, the repulsion would be decreased,[@bib22] and the quantity of adsorbed viruses would increase. [Figure 2](#fig2){ref-type="fig"} presents the potential molecular interactions between the SARS-CoV-2 viral proteins and solid surfaces at different pH values and fluid chemistries. As denoted in [Figure 2](#fig2){ref-type="fig"}A, at pH values below the isoelectric point, the overall charge of SARS-CoV-2 could be positive, given that both the carboxylate and amine groups on the outer surface are protonated, and hydrogen bonding would be formed to hydroxyl-containing surfaces such as wood, cotton, or paper. At pH environments above the isoelectric point ([Figure 2](#fig2){ref-type="fig"}B), the outer surface of virions would be deprotonated and therefore negatively charged and cannot be adsorbed on the surface with the same charge. Accordingly, lower virus adsorption onto the surfaces would occur at higher pH values. Instead, they can interact strongly with divalent and/or monovalent cations[@bib23] if they existed in a brine electrolyte solution (more details are presented in the following section). The charge and counterions from the electrolyte could lead to thinner double layer and lower repulsion forces, and again hydrogen bonding formed to surface hydroxyl groups,[@bib24] which results in promoting the virus adsorption process. The gold surface of an electrode in the quartz crystal microbalance (QCM) biosensor, which works on the basis of the oscillating frequency alteration,[@bib25] could be employed for monitoring of the virus surface adsorption and desorption phenomena with or without the presence of negatively charged surface active species in the liquid phase.Figure 2Molecular Interactions at SARS-CoV-2 Viral Interfaces in Different Environmental ConditionsModel of the potential molecular interactions among viruses and between virus and different solid surfaces having negative surface charge and/or hydroxyl functional groups at (A) relatively low pH environment, below the isoelectric point; (B) relatively high pH condition, above isoelectric point in presence of external ions (e.g., salts); and (C) way below the isoelectric point in the presence of potential chemistries (for removal from surface purposes) with negative surface charge.

3- The Effects of Humidity and Temperature on the Virus Adsorption Phenomenon {#sec3}
=============================================================================

The functionality of viruses is not only based on their host cell but also on the different environments faced before and during the transmission process.[@bib26] Coronaviruses have been shown to have different inactivation kinetics at different humidities.[@bib27] Therefore, an understanding of the effect of humidity on surface stability and adsorption of this novel virus is crucial. Water molecules in the liquid phase condense from its vapor phase on various surfaces (e.g., between virus particles and solid substrates) and create liquid bridges with a curvature, which is related to the relative humidity "*h*" expressed by the Kelvin equation[@bib28] ([Equation 1](#fd1){ref-type="disp-formula"}). When the solid surfaces are fixed in one dimension, as for structures with a high aspect ratio, the interface curvature radii "*r*" is determined by:$$r = \gamma\left( \frac{V_{m}}{RTln\left( h \right)} \right)$$

where γ is the water surface tension, *V* ~m~ is the water molar volume, *R* is the gas constant, *T* is the temperature. The water roundel radius *\|r\|* increments with *h* and would be infinite at full hydration with relative humidity of 100%.

On the water-coated surfaces, the virus particles would establish strong interactions with the hydrophilic surface in the presence of a thin film water layer, mainly through hydrogen bonding[@bib29] between water and the virus outer surface protein molecules. Water molecules can also fill the gaps between the virus particles that are spaced closer than the *\|r\|* value defined by the relative humidity. On hydrophobic surfaces, the roundel expands less. Therefore, a thin layer of water can be created around the virions; however, the lunule might not be unified to bridge the gap between two virus particles. [Figure 3](#fig3){ref-type="fig"} illustrates this phenomenon.Figure 3The Effects of Humidity and Temperature on SARS-CoV-2 Surface Stability(A and B) The schematic diagram of the SARS-CoV-2 particles onto the (A) hydrophilic and (B) hydrophobic surfaces at environments with high and low relative humidity. The detailed molecular structure of S glycoproteins on the outer surface of the virus are not depicted for the sake of lucidity.(C) The effect of temperature on exhaled virus-laden microdroplets that change to solid residues because of the temperature increase.(D) Potential application of SFG spectroscopy for monitoring of changes in the hydrogen-bonding network strength due to the changes in ionic strength of the aqueous phase.

Capillary forces are also present at high relative humidity, which might vary on the bare substrate and on the virus. Thus, both the solid surface and the virus could be separated by one or multiple water stratums. The presence of either mono- or di-valent cations in the liquid phase[@bib30] (linked by formation of cationic complexes with the hydroxyl groups of the solid surfaces) can result in substitution of the remaining half shell of water ligands at mono- and/or divalent cations by the hydroxyl and carboxylate functional groups[@bib31] of the virus surface, completion of the cation bridging process, and augmentation of adsorbed amount of virus on the surface accordingly. The hydrogen-bond interactions of the interfacial water molecules with the aforementioned surface-active species of the virions, which can be strengthened or weakened by changing the aqueous phase ionic strength, can be monitored by using vibrational sum-frequency generation (vSFG) spectroscopy.[@bib32] ^,^ [@bib33] vSFG spectroscopy is a reliable technique for molecular-level characterization of aqueous interfaces,[@bib34] ^,^ [@bib35] including viral interfaces. This tool can probe the C--H stretches of the alkyl tails as well as the O--H stretching continuum of the hydrogen-bond network in the electrical double layer medium in the presence of the ions.[@bib36]

On the other hand, as discussed, ion-specific interactions at charged interfaces could greatly affect the virus surface adsorption, protonation and/or deprotonation of the surface-active moieties of the virions; the charge densities and potentials of the viral interface, and the structuring of interfacial components in the electrical double layer. These ion-specific interactions can be probed by utilizing the second harmonic generation (SHG) spectroscopy technique,[@bib37] a non-linear optical facility like SFG spectroscopy. The interdependence of the SHG response on the electrostatic potential has resulted in the application of this powerful technique as an optical voltmeter,[@bib38] ^,^ [@bib39] which can be employed for monitoring of the electrical double layer at the solid surface-aqueous phase-virus interfaces as well as quantifying the relative permittivity in the virus-surface gap. [Figure 3](#fig3){ref-type="fig"}D depicts potential application of SFG spectroscopy for probing alterations in the strength of hydrogen bonding network because of the variations in the aqueous phase ionic strength.

According to [Equation 1](#fd1){ref-type="disp-formula"}, the water roundel radii *\|r\|* decreases as temperature increases, which means that at higher temperatures the described complexes and molecular interactions are disturbed, lower water bridging would occur, and a reduced quantity of virus would be adsorbed onto solid surfaces. This theoretical analysis might explain previous observations[@bib27] that higher temperature inactivates coronaviruses on stainless steel. In low temperature environments, the enveloped virions stay infectious for a number of days, as denoted in laboratory experiments.[@bib27] Human lungs acting as reservoirs of respiratory viral infections can disperse microdroplets through sneezing and coughing, and the virions can even be exhaled during the speaking and breathing.[@bib40], [@bib41], [@bib42] The bigger virus-laden microdroplets precipitate and adsorb onto the solid surface; however, the water contained within these virus-laden microdroplets can vaporize and form residues as solid phase or droplet nuclei at higher temperature conditions[@bib16] ^,^ [@bib43] ([Figure 3](#fig3){ref-type="fig"}C).

It is worth noting that conditions of too-high humidity can create a greater water network around the virus,[@bib44] thus providing interactions with the proteins and the lipid bilayer that promote degradation. As the temperature increases, the movement of the water molecules increase and therefore also promote interaction and degradation.

Potential Applications of Various Experimental Techniques in SARS-CoV-2 Characterization and Understanding of Virus Transmission from Surfaces {#sec4}
==============================================================================================================================================

Atomic force microscopy (AFM) and AFM-based methods, including AFM-infrared-spectroscopy (AFM-IR), are powerful techniques for characterization of a wide range of biological species and can help us to understand molecular interactions that occur at viral interfaces.[@bib45] They can monitor the molecular interactions among the biomolecules including protein-protein interaction, antibody-antigen interaction,[@bib46] and ligand-receptor interactions[@bib47] without disrupting the virion.

Nanoindentation measures the rupture force of a virus capsid under force and gives information on the chemical bond strength between viral capsid proteins.[@bib48] To understand the chemical force between a virus particle and a cell, AFM tips have been functionalized with a single viral particle and then used to probe the interaction of the probe and a cell.[@bib49] AFM can also be used to measure how viral chemistry changes in different liquid environments.[@bib45]

A practical example of using the AFM technique for studying of interactions of an enveloped virus with a solid surface is presented in [Figure 4](#fig4){ref-type="fig"} . [Figure 4](#fig4){ref-type="fig"}A shows how modified AFM tips can be functionalized with different chemistries to determine the viral isoelectric point and other surface chemistry interactions at the viral interface. Shown in [Figure 4](#fig4){ref-type="fig"}B, virus particles are covalently bound to a surface. The virus particles maintain their size and shape ([Figure 4](#fig4){ref-type="fig"}C), demonstrating that their structure is maintained through the chemical bonding process. The virus is pulled with functionalized AFM tips and the rupture force is compared to measure how different chemistries (i.e., functionalization) interact with the viral surface. The charge of the viral surface changes with solution conditions,[@bib50] as already discussed, and surface hydrophobicity can also be explored ([Figure 4](#fig4){ref-type="fig"}D).Figure 4The AFM Technique to Investigate the Interactions of the Virus with a Solid Surface(A) Overview of AFM probe functionalization and virus adsorption onto a solid surface. AFM tips can be negatively or positively charged through either deprotonation of carboxyl group leading to carboxylate anion formation at high pH environment or protonation of amine functional group at low pH environment, respectively.(B) AFM to measure virus surface chemistry. AFM image of bovine viral diarrhea virus (BVDV) attached to a glass slide and the hydrophobicity was measured with a methyl-terminated AFM tip.(C) Corresponding height image of the line in (B). The virus was found to be the size of known BVDV particles.(D) The frequency of different forces found from pulling on BVDV particles with a methyl-terminated AFM tip. The histogram represents \>300 force-distance curves using a combination of 3 different functionalized tips and 3 different batches of virus. The spring constant for the tip was 0.07--0.15 N/m. The mean force was 221 pN. The insert is a representative force distance curve. BVDV is an enveloped virus with size range of 40--60 nm and related to the hepatitis C human virus.

Cryogenic-electron microscopy (cryo-EM) and cryo-electron tomography (cryo-ET) are other revolutionary techniques for structural biologists that can be used to inform our understanding of virus structure and the drivers of viral self-assembly.[@bib51], [@bib52], [@bib53], [@bib54] In the last decade, cryo-EM and cryo-ET have been employed to determine coronavirus S glycoprotein ectodomain structures in both the pre- and post-fusion conformations, generating snapshots of the fusion reaction at the beginning and end points of the process.[@bib55], [@bib56], [@bib57] The atomic models generated by these techniques can inform our deeper understanding of the charge-distribution of the outer surface of SARS-COV-2 and describe structural changes to proteins that take place at different pH and ionic strength conditions,[@bib58] which play a crucial role in the virus molecular interactions with solid surfaces. Furthermore, a newly developed methodology enables us to employ liquid-cell transmission electron microscopy (LCTEM) to complement the conventional Cryogenic transmission electron microscopy (cryo-TEM) for characterization of nanoscale solvated biological soft matter as well as illustration of dynamics, growth kinetics, and reactivity of nanomaterials.[@bib59] Staining approaches, which can overcome the contrast issues because of the ultra-low electron doses,[@bib60] make LCTEM an adequate technique with potential utility in monitoring of virus interactions with surfaces.

In addition to vSFG and SHG spectroscopies described in section 3, which are recently developed non-linear optical techniques, new windows into the quantification of the hydrogen-bonding network strengths in the viral aqueous phase might be opened by employing Raman spectroscopy to realize the inter- and intramolecular details of water dynamics[@bib61] to complement our understanding of virus surface adsorption under high relative humidity conditions. Moreover, surface-enhanced Raman spectroscopy (SERS) can be used to identify the proteins of enveloped viruses, like SARS-CoV-2, that are adsorbed onto solid surfaces.[@bib62]

As a newly developed approach for high relative humidity conditions, integration of the second-order non-linear spectroscopic technique SHG with quantified adsorbed mass in nanoscale from piezoelectric QCM measurements with dissipation monitoring (QCM-D)[@bib63] could be used for simultaneously determination of the charge per virus adsorbed onto the solid surface and probing the relative permittivity in the viral interfacial area of the electrical double layer.

We need to consider that spectroscopy methods might be a challenge with viral solutions because of their low concentration and difficulty in obtaining high-purity viral stocks. Viral concentrations are often measured in infectious particles per milliliter and laboratory samples typically range from 10^3^--10^10^ particles per mL. These are attomolar to subnanomolar concentrations, and some analytical techniques[@bib64] struggle to detect these low viral concentrations. The other major challenge is virus purity. Viruses used for study are either grown in lab cell cultures or derived from natural sources. Regardless, the viruses are a very small percentage of the organic matter in the original sample. Purification techniques need to maintain viral viability, which requires both the structural integrity of the capsid and envelope to remain intact, as well as minimal changes to the chemical surface of the virus.[@bib65] The most common purification technique, ultracentrifugation, exposes the virus to either a high-ionic-strength cesium chloride solution or a high-osmotic-strength sucrose solution. An alternative option is to use iodixanol gradients, given that iodixanol is iso-tonic and non-toxic. However, almost all ultracentrifugation steps have a low yield. Most other laboratory purification techniques struggle to maintain viable virus with the high yield and high purity needed for many spectroscopic techniques to measure virus adhesion.

[Figure 5](#fig5){ref-type="fig"} presents the recently developed techniques discussed in this article for study of virus structure and assembly, molecular interactions at viral interfaces, and direct analysis of solid surfaces.Figure 5Some Emerging Techniques That Can Be Employed for SARS-CoV-2 Structural Characterization and Surface Interactions Analysis(A) Schematic diagram of the LCTEM technique and its application for imaging of the virions.(B) QCM-D technique, quantity of adsorbed virions and rigidity of binding can be determined through alterations in frequency and dissipation, respectively.(C) Cryo-EM and cryo-ET techniques workflow, from data acquisition to 3D model, reprinted from Luque et al.[@bib51] Copyright 2020 Springer Nature.(D) SERS to identify cells infected with newly emerging viruses (top), adapted from Lim et al.[@bib62] Copyright 2019 American Chemical Society. SERS on self-assembled monolayer (SAM)-functionalized Ag electrode (bottom left), infrared absorption spectro-electrochemistry on SAM-coated Au electrode (bottom right), reprinted from Kornienko et al.[@bib66] Copyright 2019 American Chemical Society.(E) Mapping of virus-binding events on living cells by using AFM technique, adapted from Alsteens et al.[@bib45] Copyright 2017 Springer Nature.(F) Overview of SFG (top left) and SHG (top right) spectroscopies for viral interface studies, and argand diagram for ion-specific SHG responses (bottom), modified from Boamah et al.[@bib37] Copyright 2019 American Chemical Society.

Conclusions and Outlook {#sec5}
=======================

In this Perspective, we have highlighted the adsorption characteristics and molecular interactions of the SARS-CoV-2 outer surface proteins on solid surfaces from different points of view, which is critical to understanding the virus transmission process and taking necessary actions to tackle it. As discussed, some important factors influencing the virus adsorption phenomenon include the following: surface-active moieties of the viral proteins, hydrophilic or hydrophobic characteristic of the solid surface, pH of the bulk fluid, relative humidity, and temperature of the environment.

Our theoretical analysis throughout this study has demonstrated that the SARS-CoV-2 can be adsorbed onto surfaces and remain stable within a range of pH values from acidic to basic environments at moderate temperature. On the basis of the Kelvin equation, it is expected that the SARS-CoV-2 would be less stable in higher temperature conditions. Accordingly, it is anticipated that the rate of transmission and infection will be lower during the summer months than in winter months. Further experimental research studies on this topic are needed to confirm our hypothesis and propositions we have made. The preservation of the virus shape and structure after condensation and/or evaporation processes in the air and/or water and the viral electrostatic surface properties of this new virus should also be explored.

Moreover, application of certain biophysical and biochemical techniques to the structural analysis of viral capsid proteins could be of significant utility for identification of their molecular assembly main drivers as well as development of enhanced viral assemblies. Attaining this valuable information on the SARS-CoV-2 structure and assembly is necessary for helping scientists globally with antiviral drug and vaccine design to combat against COVID-19, given that the development of antiviral drugs is a promising direction for mitigating this new worldwide health threat.
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